PATENT 

GAUTVIK 3.0-001 FWC CIP CONT FWC DIV 
IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



Group Art Unit: 1812 
Examiner: L. Spector 



In re patoiit c^pplicaticn of 
Gautvik et al . . 

Serial No. 08/340, 664 

Filed: November 16, 1994 

For: PRODUCTION OF HUMAN 

PARATHYROID HORMONE FROM 
MICROORGANISMS 



Assistant Commissioner for Patents 
Washington, D. C. 20231 

DECLARATION OF JOHN E. MAGGIO, Ph.D. PURSUANT TO 
37 CF.R. § 1.132 

Sir: 

I, John E. Maggio, declare as follows: 

1. I am a citizen of the United States of America 
residing at 480 Washington Street, Brookline, Mass. 02146. 

2. I am an Associate Professor of Biological 
Chemistry and Molecular Pharmacology at Harvard Medical School, 
Boston, Massachusetts. I have been a professor at Harvard 
Medical School since 1985. 

3. My formal education includes Bachelors, Masters 
and Doctoral degrees, in the fields of chemistry and organic 
chemistry, all from Harvard University. I have also had 
extensive post-doctoral training at the University Chemical 
Laboratory and MRC Neurochemical Pharmacology Unit, Cambridge 
University, Cambridge, England, and at the 
Neuropsychopharmacology Research Unit at Yale University 
Medical School in New Haven. Both post-doctoral positions 
involved protein and peptide chemistry and purification 
thereof. My current curriculum vitae, including a list of my 
publications is attached as Exhibit 1. 



4. My past and present work centers around 
synthesis, purification and characterization of biologically 
active peptides including tachykinins, magainins and amyloid 
peptides. As part of my work and since at least the late 
1970s, I have used various forms of chromatography and 
electrophoresis for the purification of peptides and for their 
characterization. I am fully familiar with these techniques, 
and the state of their development throughout the 1980s and 
1990s. I am also fully familiar with the past and present 
capabilities and limitations of such techniques. 
Representative of my work with peptide separation and 
characterization is an article attached as Exhibit 2 entitled 
"Mapping Peptide-binding Domains of the Substance P(NK-l) 
Receptor from P388Di Cells with Photolabile Agonists", J. 
Biological Chemistry. 210, (1995), 1213-1220. 

5. My knowledge of chromatography, electrophoresis, 
and other techniques used commonly in protein chemistry stems 
from my repeated use of those techniques throughout my career. 
I have supervised students and other scientists using these 
techniques and have taught the techniques, both in the 
classroom and in the laboratory. Therefore, I am comfortable 
judging the ordinary level of skill that a person in this art 
would possess in terms of the theoretical and the bench aspects 
of these techniques . 

6. In preparing this declaration I reviewed, among 
other things, the following materials: a copy of the 
specification of U.S. Serial No. 08/340,664, filed November 16, 
1994, (the "'664 application"); a copy of the Official Action 
dated September 8, 1995 issued by the patent examiner. Dr. 
Spector; copies of each of the references identified in the 
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Official Action; and a copy of the Declaration of Kaare M. 
Gautvik, M.D. Pursuant to 37 C.F.R, § 1.132 as well as the 
documents and photographs attached thereto. 

7. I understand from my review of the Official 
Action, the United States Patent and Trademark Office has 
refused to grant the '664 application in view of the 
disclosures of four references: Brewer et ai., Fairwell et al., 
Kimura et al, and/or Kumagaye et ai. 

8. I have reviewed the four references cited by the 
Patent Office and I do not agree with the Patent Office's 
conclusions regarding their teachings or disclosures. In my 
opinion, none of the references describe or suggest a method of 
obtaining a substantially pure, intact, hPTH peptide. None of 
the references provides a basis for concluding that a 
substantially pure hPTH product was actually produced. 
Further, nothing in the references describes an hPTH peptide 
having biological activity substantially equivalent to 
naturally occurring hPTH. I believe that a biochemist, organic 
chemist or analytical chemist having an ordinary level of skill 
in this technology would not be unable to draw any conclusion 
with regard to the purity of hPTH produced in accordance with 

'the cited references. If anything, given the errors appearing 
in those references and the known shortcomings of the 
techniques described in the references, e.g. solid phase 
chemical synthesis, those of ordinary skill in the art would 
probably assume that the resulting hPTH material was impure. 

9. Brewer et al, relate to an isolation from 
tissue, not a recombinant material. Brewer et al. contain 
three errors at positions 22, 28 and 30 of the synthesized 
peptide compared to the wild-type peptide. This is illustrated 
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in Fig. 1 of Brewer et ai . Accordingly, Brewer et ai. do not 
teach the production of an intact hPTH peptide. Moreover, two 
later publications cited by Dr. Spector in the Official Action, 
namely Kimura et a J . and Kumagaye et al , , show that the 
purification protocols discussed in Brewer et al. result in 
impure materials. For example. Fig. 2, on page 496 of Kimura 
et al. is an HPLC profile of crude product obtained after use 
of a separation protocol analogous to that disclosed in Brewer 
et al.; namely, the use of a combination of gel filtration and 
ion exchange chromatography. Impurities are plainly evident. 
Therefore, a conclusion of homogeneity based on Brewer et al. 
is unjustified. Further, Kimura et al. describe a purification 
sequence of CM-cellulose column chromatography followed by gel 
filtration on Sephadex G-50, followed in turn by the use of 
reverse phase-high pressure liquid chromatography ("RP-HPLC"). 
Kimura et al. added the RP-HPLC step in recognition of the need 
to obtain better purity than Brewer et al. obtained. This fact 
alone, in my opinion, eliminates any plausible basis for 
concluding that the protein resulting from the methods 
described in Brewer et al. was essentially pure. 

10, Many of the criticisms of Brewer et al . apply to 
Fairwell et al. For example, Fairwell et al. produced a 
peptide having an Asp at position 76. Native hPTH has an Asn 
in that position. Fairwell et al. also used a separation 
protocol combining the use of gel filtration and ion exchange 
chromatography. As previously mentioned, that protocol was re- 
run by Kimura et al. and the results, as illustrated in the 
chromatogram in Fig. 2 thereof, show significant impurities. 
Finally, as Kimura et al. used RP-HPLC rather than relying 
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merely on the separation protocol described in Fairwell et al., 
it is clear that subsequent investigators believed that the 
separation protocols of Fairwell ev al, were inadequate. 

11. Kimura et ai. did not produce an essentially 
pure hPTH. As Kumagaye et ai. clearly explain, "[tjoday, many 
peptides are synthesized by a solid-phase procedure and 
purified simply by a RP-HPLC system; the present results 
clearly indicate that the purification of synthetic peptides by 
RP-HPLC is not sufficient to obtain ho mogenegy s products." 
(Emphasis added) Kumagaye et al, at page 330. This is 
especially significant because Kumagaye et al, is the same 
group of researchers as Kimura et a J . 

12. Kumagaye et ai. disclose a method of separating 
two different forms of hPTH from a mixture thereof by using 
cation exchange-HPLC. This is not a particularly surprising 
result as the two forms of hPTH disclosed have a full charge 
difference between them, a situation ideal for the use of 
cation exchange-HPLC. Nonetheless, one of ordinary skill in 
the art would not conclude that the resulting hPTH in 
accordance with Kumagaye et ai. was essentially pure. One 
could conclude that the resulting material was pure of the one 
specific impurity, i.e. the specific point mutated form 
disclosed. However, there is no basis for concluding further. 
If anything, as explained herein, there is every reason to 
believe that impurities are present. 

13. Kumagaye et ai. describe a solid phase peptide 
synthesis protocol which was common at the time. That 
synthesis, as explained in the Kimura et ai. article, involved 
the use of BOC protected amino acids and traditional BOC 
chemistry. Using BOC chemistry, each successive amino acid is 
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added to the N-terminus of a growing chain by first removing 
the blocking group in acid, then neutralizing prior to 
coupling, followed by coupling the next BOC amino acid in 
sequence using, for example, dicyclohexylcarbodiimide ("DCC") . 

14. This technology suffers from a number of well 
known shortcomings and, in fact, has largely been replaced. One 
of the better known and most common problems with solid phase 
BOC chemistry, particularly for longer peptides such as hPTH, 
is racemization. As explained in Bodanszky, "Peptide Chemi stry; 
A Practical Textbook" at page 120, the problem of racemization 
using DCC coupling and BOC chemistry is well documented. See 
Exhibit 3. This chapter, as well as the others attached as 
Exhibit 3, demonstrate the prevalence of racemization and 
concerns over this phenomenon during solid phase protein 
synthesis . 

15. Some of the other well known impurities generated 
by solid phase synthesis are described in the Fairwell et ai. 
article cited by Dr. Spector at page 2691. These impurities 
include, among other things, deletion peptides, omission 
peptides and prematurely terminated peptides. For example, 
during solid phase synthesis it is possible for coupling to be 
either duplicative or incomplete, thereby providing a peptide 
having an additional amino acid or an omission from the normal 
sequence. There may be one or more additions and/or deletions 
in any given peptide. These additions and/or deletions can 
occur almost anywhere along the chain. Premature termination 
of the chain length is also common. This may occur for a host 
of reasons such as, peptides folding in on themselves, side 
reactions to make the N-terminal amino acid unavailable for 
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further coupling, steric hindrance, premature cleavage from 
the bead/ and the like. 

16. To fully understand the magnitude of the 
purification problems presented by the use of this type of 
synthetic chemistry, one needs to consider that all three of 
the foregoing problems, incomplete coupling, premature 
termination, and racemization, are occurring simultaneously. 
The result often is a wide variety of incorrect peptides, 
frequently including two or more of the aforementioned errors. 
The frequency of these errors, and therefore the degree of 
impurity, increases exponentially with the length of desired 
peptide. Proteins such as hPTH, which is 84 amino acids in 
length, are considered to be; long and difficult to make 
synthetically, even by today's sophisticated standards. The 
technique employed by Kumagaye et al, cation exchange-HPLC, 
could be used for separating some of the resulting impurities. 
However, this technique would only work for that fraction of 
the total impurities having a charge differential when compared 
to native hPTH; a relatively minor percentage of the total 
impurities. In addition, depending upon the conditions used, 
not all of the differently charged species will be separated. 
Some of the resulting impurities may have a charge which is 
very similar to native hPTH, and may co-elute with hPTH. Any 
single impurity, if known, could theoretically be removed from 
the mixture by HPLC, RP-HPLC, and/or some other separation 
technique (s) . Here, with the many possible impurities, it 
would be nearly impossible to effectively remove them all. 

17. Persons familiar with cation exchange-HPLC would 
realize that the types of impurities to which I have referred 
result, almost inevitably, from the use of solid phase BOC 



-7- 



chemistry and that many of the impurities co-elute with intact 
hPTH. Therefore, one would conclude, as I concluded, that the 
hPTH material resulting from the protocol described in Kumagaye 
et ai. is pure only insofar as the one disclosed point mutant. 
No further conclusions about purity can be made. If anything, 
the impurities known to result from the solid phase synthesis 
described in the references would lead to the conclusion that 
the hPTH resulting from Kumagaye et ai. would contain other 
impurities. Kumagaye et ai. provide no explicit recitations of 
purity, provide no other form of characterization of the 
cjuality or quantity of the resulting hPTH material and provide 
nothing with regard to biological activity. Due to the 
cellular editing mechanisms found in, for example, yeast and E. 

i 

^ colli such impurities would not occur. 

18, My opinion of all of the references, and, in 
particular Kumagaye et al,, is strengthened by the comparisons 
that I have reviewed between recombinant hPTH manufactured as 
described in the '664 application and commercially available, 
synthetically produced, hPTH produced by solid phase peptide 
synthesis . 

19. As stated in paragraph 6, I have reviewed the 
declaration of Dr.- Kaare M. Gautvik and, in particular, the 
photographs labeled Glossy 0 through Glossy III attached in 
Exhibits B-E, respectively, thereto. I understand from Dr. 
Gautvik 's declaration that the materials analyzed and depicted 
in these photographs were made pursuant to the techniques 
described in the '664 application. Having reviewed that 
specification, I have no reason to question that assertion. 
The photographs are particularly informative because they 
provide a direct comparison between peptides produced by solid 
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phase chemical synthesis and recombinant technology as 
described in the '664 application. 

20. Glossy 0 illustrates an electrophoretic gel 
comparing recombinant ly produced hPTH from Dr. Gautvik's 
laboratory with hPTH produced by solid phase synthesis sold by 
Sigma. Lane 2 (second from the left) contains the recombinant 
hPTH produced by Dr. Gautvik. The single broad band indicates 
homogeneity. In contrast, the Sigma material illustrated in 
Lane 3 shows a band migrating at roughly the same position as 
the hPTH produced recombinantly and two additional impurities 
of^Jilgher molecular weight. Based on the presence of these 
impurities in the Sigma material, the intensity and breadth of 
the bands and the relative intensities and sizes of the bands 
of hPTH, it is not hard to see that the recombinant material is 
orders of magnitude purer than the Sigma material. 

21. Glossy III shows molecular weight standards in 
Lane S as well as recombinant hPTH produced from E. coll (Lane 
4) and yeast (Lane 2) produced in accordance with the 
procedures outlined in the '664 application. Disposed between 
these materials, in Lane 3 is a synthetic material produced by 
solid phase synthesis available from a second chemical 
supplier, Bachem, The recombinant material is characterized by 
a single, sharp, dark, broad band corresponding to hPTH. In 
contrast, the Bachem lane illustrates the presence of lower 
molecular weight impurities in a smear. Moreover, the 
difference in the intensity of the staining indicates a 
significantly greater amount of hPTH in the recombinant 
preparations than in the chemically synthesized preparations, 
using an identical load (800 nanograms) of assayed material. 



-9- 




22. Glossy II contains, in addition to the 
information illustrated in Glossy III (lanes 27 through 29), 
identical prcparatiortf? at ^ J-^ctHing of 200 nanograms, (lanes 22 
through 24) . The difference in the intensities of the bands 
between the recombinantly produced material and the solid phase 
synthetic material available from Bachem illustrates the 
significantly greater amount of hPTH in the recombinant 
material, per unit weight- (Lanes 22 and 24 contain 
recombinant material and line 23 contains synthetic.) This 
information is totally consistent with the HPLC, N-terminal 
amino acid sequencing, mass spectrometry and two dimensional 
gel electrophoresis described in the '664 application. Based on 
this information, one of any level of skill in this art would 
conclude, as I have, that the recombinant material produced in 
accordance with the present invention is essentially pure. 

23. My opinions are both verified and amplified by 
my review of Dr. Gautvik's declaration and, in particular, his 
publication in the peer-ref ereed journal Peptides , attached to 
his Declaration as Exhibit 'F. This article clearly 
demonstrates the biological properties of the recombinant 
material produced in accordance with the '664 application and 
verifies that which would be implicitly understood therefrom; 
namely that the hPTH material of the invention has biological 
activity substantially equivalent to naturally occurring human 
parathyroid hormone. Chemically synthesized material does not . 

24. Dr. Gautvik's Peptides article is significant in 
that it illustrates both in vivo and in vitro biological 
activity. The results consistently reemphasize the superiority 
of the recombinant hPTH material in direct side-by-side 
comparisons to synthetic material. Fig. 1 of the Peptides 
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paper illustrates the differences in binding affinity between 
recombinant hPTH produced in accordance with the '664 
application from both £. coli and yeast and synthetic material 
from Bachem. The Kd of the recombinant material was 9.5nM 
while the Kd of the Bachem material was 18nM. This illustrates 
that the recombinant material contains approximately twice as 
much authentic hPTH when compared to the chemically synthesized 
material- The differences between these values are very 
statistically significant as described in the paper (95% 
confidence intervals and redundant testing in triplicate) . 
Because the Kd values indicate a greater amount of authentic 
hPTH per unit weight, the significant difference between the 
two Kd values indicate a dramatic difference in purity. 

25. Fig. 2 of the Peptides paper illustrates the 
abilities of different preparations of hPTH to elicit a 
biological response in cell cultures. From Fig. 2 one can 
determine both an EC50 for cyclic AMP (cAMP) as well as a 
measure of efficacy or maximal response. EC50 is a measure of 
the potency of the materials in question. Here, the EC50 for 
recombinant hPTH is 1.5nM. The Ecso for the Bachem material 
was 5.7nM. This is almost a four fold difference. As the 
figure and the accompanying text illustrate, this difference is 
highly statistically significant. 

26. One of the more surprising findings outlined in 
the Peptides paper is the efficacy of the resulting materials. 
It appears that the Bachem material is only about 70% as 
efficacious as the recombinant hPTH. This means that no dose 
of synthetic material would be able to produce the maximal 
response of the tested cells, a problem not shared by the 
recombinant material. These two figures, acting in 
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combination, illustrate that the recombinant material is 
superior not only in purity, but also in binding and in 
eliciting a biological response. Moreover, tne data just 
described are completely consistent with the data illustrated 
in Figs. 3-5 which show the in vivo activity of recombined hPTH 
in rats. In particular. Fig. 3 confirms the efficacy and 
potency data described in Fig. 2 by exhibiting an increased 
level of blood calcivun over that achievable through the use of 
the synthetic material. Even 2.7 micrograms of Bachem PTH was 
unable to produce the same results as 2.0 micrograms of 
recombinant PTH. 

27. The Peptide paper is a particularly good 
comparison of the recombinant material produced in accordance 
with the '664 application and synthetically produced material 
because of its careful characterizations and the variety of 
analytical techniques used. For example, peptide 

concentrations were determined by amino acid analysis. This is 
the premier method of determining peptide concentrations to 
date and is superior to other techniques such as optical 
density or dry weight. In vivo activity was measured not in 
one system, but rather by induction of hypercalcemia, urinary 
excretion of phosphate and by changes in urinary cAMP after 
administration of hPTH. Moreover, in vitro activity was 
assayed by receptor binding and cAMP responses of cells in 
culture. The variety of techniques used would appear to 
conclusively establish the superiority of recombinant material 
over synthetic material, both biologically and in terms of its 
purity. For these reasons, I believe that essentially pure 
recombinant material results from the practice of the invention 
described in the above-captioned application and that this hPTH 
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material is superior to anything in the prior art. I also 
believe that one of ordinary skill in the art would, upon 
reading the application, conclude as I have. 



and the like are punishable by fine or imprisonment or both (18 
U.S.C. 1001) and may jeopardize the validity of the application 
or any patent issuing thereon. I declare that all statements 
made in this declaration of my ovm knowledge are true and that 
all statements made on information and belief are believed to 
be true. 



28. I have been warned that willful false statements 
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RESEARCH INTERESTS ^, . . ^ . 

The bioactive peptides are the largest and least understood class of 
intercellular messengers, carrying out a diverse set of functions in a wide variety of 
systems. Understanding bioactive peptides and their receptors, in the nervous system 
and elsewhere, is the general research goal in our group. 

One system of interest is the tachykinin (substance P) family of peptides and 
receptors which are involved in transmission of primary afferents and thus in pain and 
neurogenic Inflammation. As the primary structures of both the ligands and their 
receptors are known, an excellent model system for peptide-protein interactions in 
signalling is available. Recently we have identified through photoaffinity labelling 
which regions of the peptide substance P interact with which regions of its G-protein- 
coupled receptor, a protein whose expression is upregulated a thousand-fold in some 
inflammatory diseases. Radioactive, fluorescent, and antibody probes of these 
receptors allow studies of desensitization and internalization in vivo and in vitro. 

Another system under investigation is the process of amyloid formation in 
Alzheimer's disease (AD) and other amyloidoses. The charactenstic lesion of AD is 
brain senile plaques formed mainly of the human amyloid peptide Ali, a «40-mer which 
occurs naturally in normal as well as AD brain. By reconstituting plaque growth 
(deposition of A(i at physiological concentrations onto authentic plaques) /n wfro. we 
can characterize the process and identify conditions and components which enhance 
or inhibit its kinetics. Structure/activity studies have identified ammo acids cntical for 
amyloid deposition and active peptide analogues suitable for high resolution structure 
determination by nuclear magnetic resonance spectroscopy. The latter studies have 
further identified conformational elements essential to plaque deposition. 

Another interest is the characterization of novel bioactive peptides from 
natural sources. A particularly rich source is the skin venom of certain neotropical 
frogs. The peptides found here include antibiotics and toxins as well as close analogs 
of discovered and yet undiscovered mammalian neuropeptides. 
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The tachykinin substance P (SP) is a peptide trans- 
mitter of primary a£Ferents. Its actions on both central 
and peripheral targets are mediated by a G-protein-cou- 
pied receptor of known , primary structure. To identify 
contact sites between the undecapeptide SP and its recep- 
tor, we prep ared radiolabeled photoreactive analogs of 
SP (H.RPKPQQFFGLM-NH3) by replacing amino acids in 
the peptide with p*benzoyl-i^phenylalanine (BPA). SP, 
BPA«-SP, and BPA^-SP bind with hi^ affinity < 3 um) 
to SP receptors on the murine cell line P388Di, triggering 
intraceUular calcium responses. Both binding and cal- 
cium responses are blocked by the specific SP receptor 
antagonist CP-96345. On photolysis, radioiodinated 
BPA^-SP and BPA*-SP covalenUy label a heterogeneously 
gfycosylated protein of about 75 kDa; labeling is abolished 
by excess unlabeled SP or CP.96345. The labeled recep- 
tors were digested with V8 protease and/or trypsin, and 
the resulting fragments were analyzed by electrophore- 
sis, high pressure liquid chromatography, and chemical 
or enzymatic modification. BPA*-SP and BPA®-SP photo- 
incorporate into different regions of the murine SP recep- 
tor. The results establish that the third and the ei^th 
positions of SP, respectively, interact with the NH2-termi- 
nal extraceUular tail (residues 1-21) and second extracel- 
lular loop (residues 173-183) of the SP receptor. A model 
for the agonist peptide-binding sites of the SP receptor is 
proposed based on photoaffinity labeling and mutagene- 
sis studies. 



A large majority of the known receptors belong to the G- 
protein-coupled receptor superfamily (Baldwin. 1994). These 
receptors are characterized by the presence of seven hydropho- 
bic regions of primary structure thought to represent trans- 
membrane domains. The receptors lie in the bilayer such that 
the amino-terminal region of the protein is extracellular and 
the carboxyl-terminal region is cytoplasmic. The agonists 
which bind to and activate G*protein-coupled receptors vary 
widely in size, from glycoprotein hormones (>30 kDa) to single 
photons. The larger agonists (> 10 kDa; eg. thyroid stimulating 
hormone and follicle stimulating hormone) bind to the amino- 
terminal region of their (J-protein-coupled receptors, while the 
smaller agonists «0.2 kDa; e.g. norepinephrine, serotonin, and 
photons) bind within the plane of the bilayer between the seven 
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transmembrane domains (Bockaert, 1991). Essentially all 
characterized receptors for bioactive peptides (0.5-5 kDa) are 
also members of the (5-protein-coupled receptor superfamily, 
but which regions of their receptors interact with these ago^ 
nists of intermediate size has not yet been defined. 

The undecapeptide substance P (SP)^ has been identified as 
a neurotransmitter associated with pain modulation and neu- 
rogenic inflammation (Pemow, 1983; Otsuka and Yoshioka. 
1993). SP belongs to the tachykinin peptide family which is 
characterized by a conserved COOH-tenninal sequence 
-FXGLM-NH2, where X is an aromatic or aliphatic amino acid 
(Maggio, 1988). The SP receptor (also known as the neuroki- 
nin-1 or NK-1 receptor) has been cloned from several species 
including human, mouse, rat, and guinea pig and displays a 
very high degree of primary sequence homology across species 
(Gerard et al., 1993). The SP receptor (SPR) is a member of the 
G-protein-coupled receptor superfamily, as are receptors for 
other peptides in the tachykinin family. 

(Jhimeric and point-mutated SP receptors have been con- 
structed to probe receptor structure-function in an attempt to 
identify binding domains for peptide agonists and nonpeptide 
antagonists as well as domains associated with agonist-stimu- 
lated second messenger responses (c^. Casderi et oL, 1994; Pong 
et aL, 1992a, 1992b, 1993, 1994a 1994b; Gether et al., 1993a, 
1993b, 1993c, 1994; Huang et al„ 1994a, 1994b; Jensen et al,, 
1994; Sachais et al., 1993; Yokota et al„ 1992; Zofl6nann et al., 
1993). These studies have indicated that both the extracellular 
and transmembrane domains of the SP receptor are important 
for the binding of agonist, and several specific residues conserved 
in all species examined have been identified as important for 
peptide binding; Analysis of SP analogs further suggested the 
COOH-terminal carboxyamide of SP may interact with residues 
in the second transmembrane domain (Huang et oL, 1994b). 
However, the identification of a particular residue as necessary 
for agonist binding does not necessarily imply direct interaction 
of that side chain with agonist, as loss of fiinction may instead 
result fiiom changes in protein folding. Since the binding of SP 
(1350 Da) mxist involve a larger number of receptor/Ugand con- 
tacts than small nonpeptide agonists (e^. norepinephrine, 170 
Da), it has not been possible to define the interaction of SP and its 
receptor by mutagenesis alone. 

PhotoaflSnity labeling has been proven to be a useful tool in 
identifying structural domains of receptors involved in ligand 



*The abbreviations used are: SP, substance P; BPA, p-ben- 
K»yl-L-phenylalanine; BPA*-SP, V*BPA'-SP; BPA®-SP, Y*BPA"-SP- CP- 
96345,(25,3S)<is-2-(diphenyhnethyl).iV.{(2-methoxyphenyl>.m€fAy/|- 
l-aza-bicyclo(2.2.2]octan-3-amine; DTNB, 5.6^-dithio-bis(2-mtn>ben- 
zoic acid); Endo F, F, meningosepticum endoglycosidase F; FCS, fetal 
calf serum; Fmoc, fluoren-9-yhnethoxycarbon3d; HPLC, high perform- 
ance liqmd chromatography; NK-XR, neuiokinin-l receptor (same a« 
SPR); PAGE, polyacrylamide gel electrophoresis; SPR, substance P 
receptor (same as NK-1R>, TM, transmembrane; V8, S. aurtu* V8 
pratease; cpm, coimts^ninute. 
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^hotoaffinity Labeling of Substance P F otor 



binding {e.g, Dohlman et al„ 1991). This technique offers a 
unique approach by directly identifying the contact regions of a 
receptor and its Ligands. As an essential complement to mu* 
tagenesis approaches, we have applied photoaSinity labeling to 
identify agonist peptide binding domains of the SP receptor. 
p-Benzoyl-L-phenylalanine (BPA). a photoreactive amino add, 
has been used to replace amino adds in peptides for receptor 
photoaflEinity labeling (Dorman and Prestwich, 1994). Photoac- 
tivated (triplet biradical) BPA reacts preferentially with C-H 
bonds but has low reactivity toward water, furthermore, the 
chromophore can be activated in the visible, avoiding protein- 
damaging UV wavelengths. In previous work by others (Boyd et 
cd,, 1991a, 1991b, 1994; Kage et al„ 1993), an SP derivative 
containing BPA at position 8 and acylated with 3-(3-iodo-4- 
hydroxyphenyl) propionic add at the side chain of Lys^ has 
been sjnnthesized to study the SP receptor. Photolysis of this 
ligand with membrane*boimd SP receptors from rat submaxil- 
lary gland led to about 70% incorporation of bound label into 
two polypeptides (46 and 53 kDa); enzymatic studies suggested 
that the smaller protein resulted from proteolysis of the larger 
(Kage et al., 1993). 

P388Di cells, a nontransfected murine macrophage/mono- 
cyte cell line (Dawe and Potter, 1957), express a high density of 
functional SP receptors (Persico et aL, 1988; lAetal., 1994) but 
no detectable leveb of other tachykinin receptors.^ The SP 
receptors of this cell line are coupled to Ca^"^ mobilization (Li et 
al,, 1994). In the present study we have used two site-specific, 
high affinity photolabile analogs of SP (incorporating BPA in 
the third (BPA^) or eighth (BPA*) position) to label the SP 
receptor of P388Di cells and map the peptide-binding domains 
of the receptor for each ligand. 

EXPERIMENTAL PROCEDURES 

Preparation of Fluore7i-9'ylmethoxycarbonyl-4-benzoylphenylalanine 
(Fmoc-BPA>— Racemic dl-BPA was synthesized and resolved into 
L- and D-BPA as described by Kauer et al. (1986). The resolved amino 
add (or alternatively the racemic mixture) was treated directly with 
Fmoc-chloroformate (Aldrlch) or Fmoc-hydroxysuccinimide (Sigma) to 
provide the protected amino acid (Fmoc-BPA) for solid-phase synthesis. 

Peptide Synthesis — Peptide synthesis of the SP analogs, BPA^-SP 
and BPA^-SP, was performed by our departmental Biopolymers Facility 
or by Quality Control Biocbemicals (Hopkinton, MA) using a standard 
Fmoc solid-phase synthetic strategy (Maggio et al,, 1992). The crude 
synthetic peptide was then piirified by reverse-phase high performance 
liquid chromatography (HPLC) using a Cig column (Vydac 4.6 x 250 
mm. 5 fim, 300 A) on a Waters Liquid Chromatographic System 
equipped with a variable wavelength UV detector. The column was 
eluted with a linear water-acetonitrile gradient (26-^6% acetonitrile. 
l%/3 min; 1.0 ml/min) containing 10 mM trifluoroacetic add. The race- 
mic peptide had two m^jor UV active (254 nm) components of equal 
intensity. The L-BPA peptide was identified by elution position; that is, 
i>BPA*-SP (synthesized from Fmoc-L-BPA) showed only one UV active 
peak which was ooindd^t with the earlier eluting HPLC peak of 
DUBPA^-SP (synthesized from Pmoc-DL-BPA). Thus, the earUer HPLC 
peak corresponds to l-BPA^-SP and the later peak to D-BPA^-SP. In 
addition. Marfey's reagent (l-fluoro-2.4-dinitrophenyl-5-L-alanineam- 
ide) formed an adduct (Maifey. 1984) with isolated L-BPA that precedes 
that formed from D-BPA When the L-BPA*-SP and ivBPA^-SP fractions 
were tested for receptor binding and biological activity, the earlier 
elating peptide. Le. L-BPA^-SP. was much more active than the later 
eluting D-BPA* analog. By analogy to the greater activity of L-Phe*-SP 
relative to D-Phe*-SP (Foumier e* al., 1982), this result further confirms 
that the first of the paired HPLC peaks is the L-BPA-isomer. The L-BPA 
diastereomer has also been shown to precede the D-BPA diastereomer of 
other peptides in reverse-phase HPLC elution (Shoelson et aL, 1993). 

The isolated L-BPA*-SP was analyzed for purity and correct struc- 
ture by amino add analysis, laser desorption mass spectroscopy, and 
sequence. The peptide was sequentially Y^^ R^, ^ P0.7 o P07 Qio Qi 0 
Fijt (BPA) Lj o Moe with m/z 1616.2 ((IVI+H)*). Neither BPA or its 
phenylthiohydantoin derivative elute fitmi the ana^rzer column under 



^ H.-P. Too and J. £. Maggio, tmpublished results. 



standard conditions iKauer et al., 1986). Nevertheless, the high UV 
extinction coeffident of BPA at 254 nm. « = 21 x los. verifies that BPA 
is incorporated (Kauer et al., 1986). confirming the results of mass 
spectrometry, lyrosine was partially destroyed under the hydrolysis 
conditions employed. 

Preparation of Radioligands— The radioligand (*"I1BPA'-SP 
((***Iliodotyrosyl**-L-BPA®-SP) was formed using general peptide iodi- 
nation techniques previously described (Too and Maggio, 1991). Typi- 
cally 10 mnol of dry peptide was dissolved in 50 /il of 0.5 M sodium 
phosphate buffer. pH 7.5, and vortexed with 1 mCi of Na^**I (10 ^1, 
Amersham Corp.). Chloramine-T (10 pig in 10 /J of water) was added to 
activate iodine incorporation, and Na2S205 (100 ^ in 10 /il of water) 
was added after 1 min of vortexing to quench the reaction. The mixture 
was diluted and addified with 0.6 ml of 60 mM trifluoroacetic add, and 
25 fjil of 2% bovine senmi albumin was added to limit nonspecific 
adsorption. To separate the peptide frt)m the unincorporated ^^I. the 
mixture was then applied to an activated C^e Sep-Pak cartridge 
(Waters) and the iodide and peptide eluted with a series of 0.5-ml 
portions of 10 mM trifiuoroacetic add solutions of increasing alcohol 
(ethanol^ethanol, 1:1) content. 10, 10. 20. 40. 60, 80. 90. 95. and 100%. 
Unincorporated iodide elutes immediately, while the peptide is retained 
until the alcohol concentration reaches about 60%. The peptide frac- 
tions (containing both oxidized and reduced methionine), eluting with 
60-90% alcohol, were pooled and reduced in volume under a nitrogen 
stream. After the addition of 20% (vAr) 3-mercaptoethanol. the sample 
was heated at 90 "C for 2 h to reduce methionine sulfoxide to its 
thioether. Further purification was adiieved by reversed-phase HPLC 
on a Vydac Cie column as above. The eluate was collected in fractions 
during gradient elution and the fi^ctions counted for radioactivity. The 
reduced (Met) and monoiodinated (Tyr) peptide eluted in a well- 
resolved peak (34.6% acetonitrile). predictably later than the original 
compound (33.2%) or the oxidi7^ products, but prior to the diiodinated 
reduced peptide. The reduced monoiodinated tracer (specific activity 
-2000 C/mmol; iCj = 37 GBq) was protected from oxidation by 0.5% 
|3-mercaptoethanol ivfv) added immediately after purification and 
stored at -20 ''C until use. Radioiodinated BPA^-SP was prepared 
similariy. 

Cell Cu/ftxne— The murine cell line P3d8D, (Dawe and Potter, 1957; 
Persico et aL, 1988) was a gift of Dr. J. Jackie (Harvard Medical School) 
and has been maintained in our laboratory in Dulbecco's modified 
Eagle's medium supplemented with 10% fetal calf serum (PCS). 

Calcium Measurements— cells were cultured on 12-mm di- 
ameter rotmd glass coverslips that had been pretreated with laminin. 
These were used within 24-48 h after plating. Dye loading was 
achieved by exposing the cells to fura-2 acetoxymethyl ester at a con- 
centration of 8 ^ for 30 min at room temperature. The cells were then 
washed with 2% bovine serum albimiin and kept on ice until used. 
Experimente were performed using a standard saline buffer with the 
following components: NaCl 120 mM. KCl 4,2 mM, CaCl^ 2.5 mM, MgSO^ 
1,0 mM. Na^OTO^ 1.0 mM. glucose 12 mM. and HEPES 10 mM. pH 7.40. 

Fluorescence measuremente were made using a Nikon microscope 
optically linked to a PTI Deltascan instrument (Photon Technologies) 
that produces dual exdtation at 340 and 380 nm. Emitted light was 
collected after passing though a 510-nm band pass filter. A 40X Nikon 
fluor objective was used and the field was limited to about 15-20 cells 
for date collection. 

Ligand Binding ofP388Dj Cells— PZSSDi cells (5 x 10* cells/well) 
were inoculated on PCS precoated 24-well plates and cultured over- 
night. The confluent cells (-1 x 10* cella/well) were washed twice (0.5 
ml/well) with ice^old buffer (Dulbecco's modified Eagle's medium 20 
mM HEPES. pH 7.2) and incubated with 0.5 ml of buffer on ice for at 
least 10 min. Then radioactive ligand. in the presence or absence of 
unlabeled displacers. was added to a final concentration of 150 pM < - 5 
X 10° cpm/ml) and incubated for 2 h. Nonspecific binding is defined as 
binding in the presence of 10 |im unlabeled SP. After incubation, the 
cells were washed twice with 0.5 ml/well phosphate-buffered saline « 104 
mM NaCl, 2.7 mM Ka; 10 mM NaaHPO^. 1.8 mM KHaPO^. pH 7.2 1. then 
solubilized by 0.5 ml of lysis buffer (1% Nonidet P-40, 0.2% SOS. 150 rim 
NaCl. 50 mM Tris, pH 8,0) for 20 min and transferred for gamma 
counting. Unlabeled SP and CP-96345 were stored as 10 m.M stock 
solutions in dimethyl sulfoxide. Dimethyl sulfoxide at less than 3^^ ' v/ v > 
had no detectable effecte on the binding assay. 

Photoaffinity Labeling ofPSSSDj Cells— CeWa (5 x 10*» were inocu- 
lated on FCS-pretreated dishes (60 mm) and grown for at lea^t 12 h 
before labeling. The cultured cells (-1 x lO') were washed twice • 5 ml < 
with ice-cold buffer (Dulbecco's modified Eagle's medium * 20 m.M 
HEPES. pH 7.2) and incubated with 5 ml of buffer on ice for at least 10 
min. The photolabile radioligand, in the presence or absence of un- 



labeled displacers, was added to a final concentration of 2 nM (-^ x lO* 
qsm/ml) and incubated 2 h. Hie dishes were then irradiated on ice for 
15 min using a focused HBO 100-watt mercury short arc lamp throu^ 
an optical filter to eliminate light below 310 nm. A second filter removed 
infrared wavelengths to minimize sample heating during photolysis. 

After photolysis, the cells were washed twice (5 ml) with phosphate- 
buffered saline and transferred to a microcentrifuge tube to collect cell 
peDets by centrifugation at 16,000 x ^ for 10 min. Tti£ pelleted cells were 
resuspended in 0^ ml of 5 mM THs-HCl, pH 8.0, and hypotonically lysed 
for 30 min at room temperature. Then the samples were homogenized and 
centrifiiged at 500 x ^ for 15 min to remove debris. The resulting super- 
natants were sedimented at 16,000 x ^ for 30 min and the membrane 
pellets stored at -20 *^ until analysis. The presence or Absence of a 
mixture of protease inhibitors (badtradn, chymostatin, and leupeptin) 
did not affect the results of binding or photolysis experiments. 

Partial Purification of the Labeled Comp/ex— 6DS-polyacrylamide 
gel electrophoresis (PAGE) was performed as described by Laemmli 
(1970) using 1.5-mm 8% gels. The labeled cell membranes were eolubi- 
lized in 1 X SDS sample bii£fer (10% glycerol, 5% 2-mercaptoethanol, 
3% SDS, 0.025% bromphenyl blue, 125 mM Tris-HCl. pH 6.8) for 30 min 
at room temperature. After electrophoresis, the gel was directly dried 
on a filter paper and exposed to x-ray film (Kodak XAR-5) with an 
intensifying screen (DuPont). The labeled bands were isolated from the 
preparative gel using a passive elution protocol gimilnr to that de- 
scribed by Blanton and Cohen (1994). After autoradiography, radioac- 
tive bands of the labeled complex were excised from dried gels and 
rehydrated with extraction buffer (0.1% SDS, 100 mM NH^HCOa. pH 
7.8). The gel slices were macerated and eluted for 1-4 days with 
extraction buffer. The eluted protein was filtered (Whatman No. 1) and 
concentrated using (^ntriprep-10 or Centricon-10 (Amicon). Finally, 
the labeled complex was precipitated by cold acetone (85-90%, v/v) 
overnight at -20 ""C. The precipitate was dried and stored at -20 
until use. For all electrophoretic gels, the ratio of bis-acrylamide to 
acrylamide was 3%. For gels above 12% acryiamide, 1% glycerol was 
added to the running buffer to prevent cracking of gels during diying. 

Endoglycosidase F Digestion of the Partially Purified Complex— The 
acetone precipitate was resuspended in 10 mM EDTA, 0.1% SDS. 
0.5% N-octylglucoside, 100 mM NH^HCOg. pH 7.8, and then digested 
with Flavobacterium meningosepticum endoglycosidase F (Endb F) 
(Boehiinger Mannheim) for 2 days at room temperature. 

Protease Digestion of the Partial Purified Complex— The acetone 
precipitate was resuspended in 0.1% SDS, 100 mM NH4HCO3, pH 7.8, 
and then digested with Staphylococcus aureus V8 protease (V8) 
(Boehringer Mannheim) for 2-4 days at room temperature or i/*l-tosyl- 
amido-2-phenylethyl chloromethyl ketone-treated bovine trypsin (Sig- 
ma) for 1-4 days at room temperatmne. Both BPA®-SP and BPA®-SP 
completely resist cleavage by these proteases under these conditioxiB 
(not shown) as both Uganda lack glutamic adds residues, and basic 
residues are protected by adjacent prolines (Fig. 1). 

HPLC of Enzymatic Digests— The VMigefited samples were loaded 
into a Vydac Ce column (2.1 x 150 mm, 5 ^m. 300 A) and eluted with 
increasing solvent B (0.09% trifluoroacetic add in 60% acetonitrile, 40% 
2-propanol) in solvent A (0.1% trifluoroacetic add in water) at a flow rate 
of 0.25 ml/min. The elution of ^I-labeled SPR fragments was monitored 
hy gamma counting of the fractions. More than 90% of ii\jected radioac- 
tivity was recovered in the eluate for all HPLC experiments. 

S,5''Dithio-bis(2-nitrobenzoic acid) (DTNB) Modification— The 
HPLC fractions were dried and resuspended in 100 mM NH^HCOs, pH 
7.8. Dithiothreitol was added to a final concentration of 25 mM and the 
mixture incubated for 30 min at 50 ^C, then DTNB (final concentration 
75 mM) was added and allowed to react with the peptide for at least 30 
min. The mixture was then diluted with 20% solvent B and loaded onto 
reverse-phase-HPLC as described. 

RESULTS 

Specificity of BPA^-SP and BPA^SP— Both BPA^-SP and 
BPA®-SP (Fig. 1) are full and potent agonists relative to SP for 
the caldmn responses of PSSSD^ cells. This action is completely 
blocked by CP-96345, a specific nonpeptide antagonist of the 
SP receptor (Fig. 2). Both photoreactive ligands bound to SPR 
(Table I) with the same affinity (ICbo values -3 nM) as SP and 
the binding of each was similarly inhibited by CP-96345 (IC50 
values ^35 nM). 

Photoaffinity Labeling ofSP Receptor— After photoinsertion 
of radioiodinated BPA^-SP or BPA^-iSP bound to P388Dx cells, 
two radioactive bands were obsearved on SDS-PAGE. A nugor 
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Fig. 1. Primary structures of SP, BPA*^, and BPA*-SP. Addi- 
tion of Tyr at the NH, terminus facilitates radioiodination. Lys^ and 
Phe® are respectively replaced by BPA to give BPA^-SP and BPA'-SP. 
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Fig. 2. SP, BPA*-SP, and BPA'-SP induce calcium responoes in 
P388Dt cells. [Ca^*]i»io was measured with fura-2 using 12-18 cells in 
an optical field. Agonists (10 nM) were perfused over the cells for 30 s. 
CP-96345 (1 tJJA) was preincubated with the cells for 30 s before adding 
the mixture of agonist and CP-96345. Experiments were carried out at 
room temperature (22 ''C). 

Table I 

/Cao values of substance P and CP-96345 for three ligands 
binding to P388Di cells 







IC50 (nM)* 


Substance P 


CP-96345 


[»**I1BHSP 


2.30 ± 0.40 


33.3 2: 11.5 


[^I1BPA«-SP 


2.75 * 0.95 


33.3 i 11.5 


[^IIBPA».SP 


3.00 ± 1.00 


36.7 ± 5.70 



Final concentration 0.15 nM. 

Mean ± S.D. of at least three experiments. 

broad band of 75 kDa accounted for about 95% of the radioac- 
tivity, while a minor band of 205 kDa accounted for about 5% 
(Fig. 3). Labeling of both bands was completely inhibited by SP 
(Fig. 3) or CP-96345 (not shown). For BPA*-SP, 46 :!: 3% of 
boimd ligand is recovered in the broad 75 kDa band; for BPA^- 
SP, the major band represents about 6% of the total bound 
radioactivity. For both ligands, deglycosylation with Endo F 
shifted the broad nugor band to a sharp band of 42 kDa (Fig. 4), 
indistinguishable from the molecular mass of the murine SPR 
calculated from its cDNA sequence (Sundelin et oL, 1992). The 
major band labeled by both photoprobes was partially purified 
by preparative SDS-PAGE and used for further stuches. Incu- 
bation of cells with the photoprobes in the dark resulted in no 
detectable incorporation into protein. 

V8 Digestion of the Labeled SP Receptor— WS protease 
(Glu-C) deaves proteins specifically at the COOH-terminal side 
of glutamate residues under, the conditions employed. V8 di- 
gestion of partially purified [^IlBPA^-SP-labeled SPR showed 
five detected bands (33, 25, 19, 9; and 3.2 kDa). The larger 
proteol3rtic firagments were converted into the smaller ones at 
higher concentration of VS protease, with the smallest frag- 
ment, designated BPA®-SPR-3.2k, being the limit digest (Fig. 
5A). Double digestion of [^I]BPA«-SP-labeled SPR with Endo 
F and V8 protease revealed the same five-band pattern seen 
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FIc. 3, Autoradiography of P388D, ceU membranes photoaffin* 
ity labeled with (»"I]BPA«-SP and I'^UBPA^SP foUowing SDS- 
PAGE (8% gel). Cell culture, photolysis, cell membrane preparation, 
and solubilization were as described under ^Txperimental Procedures.'* 
After electrophoresis, the gel was stained with 0.1% Coomassie Blue in 
MeOH/AcOH/H^O (4:1:5) and destained in the same solvent. The same 
amoimt of protein was foimd in each lane (not shown). Lanes 1 and 2, 
("'IJBPA^-SP-labeled membranes; lanes 3 and 4, [^"HBPA^-SP-labeled 
membranes. The labeling was carried out in the absence (lanes 1 and 3) 
or presence (lanes 2 and 4) of 10 /xm unlabeled SP. Molecular weights 
are indicated at the right. 




Fig. 4. Autoradiography of Endo F deglycosylated photola- 
beled SP receptor following SDS-PAGE (12% gel). Acetone-precip- 
itated ^I-labeled SPR (5000-8000 cpm) from preparative SDS-PAGE 
was dissolved in 0.1% SDS, 10 mM EDTA, 0.5% N-octylglycoside, 100 
mM NH^HCOa, pH 7.8, and digested by Endo F (0.8 unit) for 2 days at 
room temperature. The gel was directly dried without fixation or stain- 
ing prior to autoradiography. Lanes 1 and 2, ["*IIBPA*-SP-labeled 
SPR; lanes 3 and 4, I^^IJBPA^-SP-labeled SPR. The samples were 
treated with (lanes 1 and 3) or without (lanes 2 and 4) Endo F, Molec- 
ular wei^ts indicated are at the right. 




Fig. 5. Autoradiography of V8 protease digest of photolabeled 
SP receptor foUowing SDS-PAGE. Acetone precipitated 
labeled SPR (5000 8000 cpm) from preparative SDS-PAGE was dis- 
solved in 0.1% SDS. 100 mM NH4HCO3, pH 7.8, and digested by the 
indicated amount of V8 protease for 4 days at room temperature. The 
gel was directly dried for autoradiography. A, I^**I]BPA*-SP-labeIed 
SPR (17.6% gel); molecular wei^ts are indicated at the left. B, 
I"*nBPA»-SP-labeled SPR (18% gel); molecular weights are indicated 
at the right. 



with V8 digestion alone. 

Peptide fragments from V8 digestion of [^^I]BPA®-SP- 
labeled SPR were isolated by HPLC (Fig. SA). One major peak 
(—33% solvent B), accoimting for most of the eluted radioactiv- 
ity, corresponded to BPA®-SPR.3^k (Fig. 6B). BPA®-SPR.3.2k 
and BPA®-SP tracer eluted in a similar position on reverse- 
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Fig. 6. Analysis of the BPA"^R-3^k fragment. [^I]BPA«-SP- 
labeled SPR waa digested by V8 protease as described in Fig. 5. The 
digests were separated by reverse-phase HPLC as described under 
^Experimental Procedures" (microbore Cq column, organic phase 60% 
acetonitriie, 40% isopropanol). The solvent gradient (flow rate 0.25 
ml/min) was as follows: 20-70% solvent B in 62.5 min; 70-100% solvent 
B in 15 min. Fractions (0.5 ml each) were counted for (A). The 
digests and HPLC fractions were dried and analyzed by SDS-PAGE on 
an 18% gel (B). Lane 1 . minor HPLC peak, fraction 44-48; lane 2, major 
HPLC peak, fractions 27-29; lane 3, V8 digest prior to HPLC fracUon- 
ation; lane 4, I"*I]BPA®-SP; molecular wei^ts are indicated at the 
ri^t BPA*-SPR-3.2k fractions were dried and treated with or without 
DTNB as described, then separated by HPLC using a solvent gradient 
of 20 50% solvent B in 37.5 min (C). Arrow indicates the elution posi- 
tion of ["»I]BPA«.SP. 



phase HPLC but were cleanly resolved by SDS-PAGE (Fig. 6B). 
A second peak of radioactivity eluting from the HPLC column, 
accounting for most of the recovered radioiodine not in BPA^- 
SPR-3.2k. corresponded to BPA®-SPR-9k. Further digestion of 
BPA^-SPR-9k with V8 protease converted this fragment to 
BPA®-SPR-3.2k (not shown). 

BPA^^PR-3.2k, the limit digest, was reacted with DTNB, a 
spedfrc siilfhydzyl modification reagent which converts fr^ee 
peptidyl -SH groups to mixed disulfides of 2-nitro-5-thiobenzoic 
add. Treatment of BPA®-SPR-3.2k with DTNB shifted the 
HPLC elution position of the peptide to later elution by 3.2% 
solvent B (Fig. 6C). A parallel sample incubated identically but 
without DTNB showed .no change in elution position. 

V8 digests of SPR photolabeled with [^I]BPA^-SP displayed 
a different pattern of proteolytic fi-agments than digests of SPR 
photolabeled with [^I]BPA®-SP (Fig. 5). A major fi^gment of 
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Fig. 7. Analysis of the BPA*-SPIMOK fragment. [^IJBPA^-SP- 
labeled SPR was digested by V8 protease as described in Fig. 5. The 
digests were separated by HPLC as described in Fig. 6A. Fractions 
eluting at the void volume (unretained by the reverse-phase column) 
were dried and treated with or without Endo F. The samples then 
reanalyzed by HPLC (A) as described in Fig. 6C and by SDS-PAGE (B) 
on an 18% gel. Lane 1. HPLC fractions 43-48 after Endo F; lane 2, 
HPLC fractions 9-19 without Endo F; molecular wei^ts are indicated 
at the right. Arrow (A) indicates the elution position of [^IJBPA^-SP. 

40 kDa (BPA^-SPR-40k) was detected imder conditions which 
reduced SPR photolabeled with [^^s^bpaS-SP to peptides of 
less than 10 kDa. Very high concentrations of V8 produced, in 
addition to the major band at 40 kDa, minor bands at about 3 
and 10 kDa. Endo F digestion of BPA^-SPR-40k produced a 
3.5-kDa fragment, BPA^-SPR-3.5k. The same fragment was 
produced by double digestion with Endo F and V8 protease of 
SPR photolabeled with [^=^I]BPA^-SR 

V8 protease-digested fragments of [^^I]BPA^-SP-labeled 
SPR were separated by HPLC. A major peak containing >70% 
of eluted radioactivity passed through without being retarded 
by the reverse-phase column. These fractions were dried, di- 
gested with Endo F, and reanalyzed by HPLC. The Endo F- 
treated sample (BPA^-SPR-3.5k) was retained by the HPLC 
column and eluted at 30% solvent B (Fig. 7). BPA^-SPR-3.5k 
and BPA^-SP were separable by HPLC. A control sample (iden- 
tically treated in the absence of Endo F) still passed through 
the HPLC column without retention. 

Trypsin Digestion of the Labeled SP Receptor— Double diges- 
tion of [^^I]BPA®-SP4abeled SPR with Endo F and trypsin 
revealed the samie pattern of radioactive fragments as seen 
with trypsin digestion alone. However, double digestion (with 
Endo F and trypsin) of [^^I]BPA®-SP-labeled SPR produced a 
different pattern of fi-agments than that seen with trypsin 
treatment alone. As seen with Endo F and V8, digestion of the 
m^or high molecular mass (>45 kDa) tryptic fragment of 
[^^UBPA^-SP-labeled SPR with Endo F converted it to a much 
smaller fragment. 

DISCUSSION 

Replacement of amino add residues at the third (Lys^) or 
ei^th (Phe®) positions of SP by BPA and addition of Tyr at the 
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NHs-terminal (Tyr°) gave analogs (Fig. 1) which triggered cal- 
cium responses of P388Di cells (Fig. 2) with the same potency 
as the parent peptide. The calcium response was inhibited by 
CP.96345. a specific SPR antagonist Binding of ^^Mabeled 
BPA®-SP and BPA^-SP to P388Di ceUs was blocked by cold SP 
and CP-96345 at nM concentrations (Table I). The two photo- 
labile ligands thus are high affinity full agonists of the SPR of 
P388Di cells. Previous studies showed that Phe® of SP could be 
structurally modified without a marked decease in activity on 
affinity on several bioassays (Lee et al., 1983; Maggio, 1988; 
Viger et al„ 1983). Boyd et al, (1991a. 1991b) have demon- 
strated that replacement of Phe® of SP by BPA is well tolerated 
in binding affinity and biological activity. The results of the 
present study illustrate that substitution of Lys^ of SP with 
BPA also maintains biological activity and binding affinity at 
the SPR of murine P388Di cells. To facilitate radioiodination, 
we added a tyrosine at the NHj terminus of the peptide; the 
Tyr® peptides also retain frill biological activity and binding 
aflBnity (Sachais et al., 1993; Casderi et al., 1994). 

Upon near UV irradiation (>310 imi), ^^Mabeled BPA®-SP 
and BPA^-SP are photoincorporated into a major broad radio- 
labeled band of -75 kDa in P388Di cells (Fig. 3). The broad 
range of molecular mass reflects heterogeneous glycosylation, 
as Endo F treatment dramatically converted the broad 75 kDa 
band to a sharp one of -42 kDa (Fig. 4). This size is consistent 
with the value deduced frt)m the cDNA sequence for the mouse 
SPR (Sundelin et al., 1992). The sensitivity of photolabeling 
with these ligands to SP and CP-96345 (Table I, Fig. 3) fiirther 
indicated that BPA^-SP and BPA^-SP were cross-linked with 
the SPR. 

This intact cell-photolabeling technique demonstrates that 
the SPR expressed in this natural {Le. nontransfected) cell line 
is highly glycosylated. Reports of photolabeling of SPR pre- 
pared from various other sources siiggests a heterogeneity of 
molecular size. Dam et al. (1987), using a pbotoreactive SP 
analog in which Phe® was replaced by p-azidophenylalanine, 
demonstrated specific photolabeling of a single polypeptide, 
—46 kDa, in a rat brain membrane preparation. Boyd et aL 
(1994) reported that the molecular mass of SPR in rat tissues 
labeled with ^I-3-(3-iodophenyl-4-hydroxylphenyl)propionyl- 
€-Lys^-BPA®-SP varied from 53 and 46 kDa for submaxillary or 
parotid gland to 72 kDa for large intestine and 90 kDa for 
striatum or olfactory bulb, Deglycosylation of each of these 
photolabeled receptors from different tissues yielded a discrete 
radiolabeled band of —46 kDa, while in salivary gland an 
additional band at -36 kDa was also observed. 

Limited V8 digestion of [^I]BPA«-SP-labeled SPR implies 
that the smallest labeled complex, BPA®-SPR-3.2k, represents 
the interaction site of the ligand and receptor, as all other 
fragments are converted to the 3.2-kDa fi-agment at high con- 
centrations of protease. Since BPA®-SP has a molecular mass of 
—1.7 kDa, a SPR V8 firagment peptide with molecular mass of 
-1.5 kDa is involved in the BPA®-SPR-3.2k complex. DTNB 
reaction indicates that this peptide contains a cysteine residue. 
The V8 digestion map of the mouse SPR deduced fi^m its cDNA 
sequence shows only four cysteine-containing peptides, with 
values of 10.7 kDa (SPR 79-172, 2 Cys). 1.3 kDa (SPR 173-183, 
1 Cys), 3.8 kDa (SPR 194-227), 1 Cys), and 11.1 kDa (SPR 
239-312, 6 Cys). The two larger fi-agments (Af^ > 10 kDa) are 
excluded based on their molecular masses. Of the remaining 
two, the smaller (1.3 kDa) is clearly a much better candidate 
than the larger (3.8 kDa) for the — 1.5-kDa fi^igment deduced 
from the V8 digestion studies. 

(Consistent with the size prediction, HPLC elution behavior 
confinns that SPR 173-183 (L3 kDa) is the photolabeled receptor 
firagment SPR 173-183 is a part of the relatively polar second 



Fig. 8. Schematic model of the pep- 
tide agonist binding site of the mu- 
rine SP receptor. Black drcUs repre- 
sent the contact regions of SPR with SP 
analogs (BPA* and BPA«). The thinJ and 
the eighth positions of SP, respectively, 
interact with the NILj-tenninal extracel- 
lular taU (SPR 1-21, MDNVLPVDSDLF- 
PNTSTNTSE) and second extraceUular 
loop (SPR 173-183. TMPSRWCailE) of 
the SP receptor. Shaded cirvles indicate 
residues essential for hi^ affinity bind- 
ing of SP as identified by site-directed 
mutagenesis. A» view in the plane of the 
bilayer; B. view frxnn the extraceUular 
side, normal to the plane of the bilayer. 
See text for further explanation. 




extraceUular domain of the SPR (between transmembrane do- 
main (TM) IV and TMV). with a hydrophobic index (Engehnan et 
al, 1986) of -1,8. The addition of such a fragment to BPA®-5P 
(hydrophobic index -15,1) would have little effect on HPLC 
elution position, as is observed experimentally (Fig. 6). Both the 
tracer alone, and its photoadduct with the receptor fragment, 
elute as sharp peaks at the same (-33% solvent B) position in the 
solvent gradient In sharp contrast, SPR 194-227 (-3.8 kDa) is 
comprised mainly of the very hydrophobic TMV re^on of the 
receptor and has a hydrophobic index of 35. Hydrophobic pep- 
tides elute fit)m reverse-phase HPLC columns as relatively broad 
peaks at very high solvent concentrations. For example, a pho- 
tolabeled transmembrane domain (a-M4, residues 401-428, hy- 
drophobic index = 36.9) from the Torpedo nicotinic acetylcholine 
receptor, with very similar molecular wei^t and amino add 
composition to SPR 194-227, elutes in a very broad peak at about 



74% solvent B in the same HPLC system (Blanton and Cohen, 
1994). Such behavior is inconsistent with the reverse-phase^ 
HPLC elution of BPA^-SPR^^k (Fig. 6). Thus, molecular 
weight, HPLC elution behavior, and presence of cysteine, taken 
together, establish that the SPR region phdtolabeled by BPA®-SP 
is SPR 173-183 of the second extraceUular loop, whose primary 
sequence is TMPSRWCMIE. Using a different SP tracer con- 
taining BPA at position 8, Bqyd et oL (1993) also found labehng 
of the second extracellular loop of rat SPR in transfected hamster 
cells, a finding consistent with the present results. Because the 
radiolabel in these probes is located at a site distinct &t)m the 
photoreactive amino add, radiochemical sequencing cannot be 
used to define the specific amino add of the SPR labeled by BPA. 

Limited V8 digestion of [^IlBPA^-SP-labeled SPR sug- 
gested that the glycosylated peptide complex, BPA^-SPR-40k; 
represents the interaction site of the ligand and receptor be- 
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cause Endo F plus V8 mixed digestion shifted the 40-kDa 
complex to a much smaller fragment, BPA^-SPR-3.5k. This is 
further confirmed by HPLC analysis. BPA^-SPR-40k passed 
though the reverse-phase column in the void volume, behavior 
common to very polar biopolymers such as carbohydrates. 
Deglycosylation of BPA^-SPR-40k converted the complex to a 
smaller peptide (--3.5 kDa) which was retained by the reverse- 
phase column and eluted by the solvent gradient at about 30% 
solvent B. There are two potential sites (N-X-S^) for iV-linked 
glycosylation in the iSP receptor. Both are located in the NH2- 
terminal extracellular tail of the receptor, based both on pri- 
mary sequence (Sundelin et al, , 1992) and experimental restilts 
(Boyd et al,, 1991b. 1994). The V8 digestion map of the murine 
SPR indicated that NHa-terminal peptide (SPR 1-21, -2.3 
kDa) contains two ^-linked glycosylation sites, while all other 
fragments have none. The hydrophobicity index of this (degly- 
cosylated) peptide is -27.3, which predicts that the deglycosy- 
lated receptor fragment cross-linked with BPA^-SP would elute 
earlier than the free photoprobe. Consistent with this predic- 
tion, the complex does elute earlier in the solvent gradient than 
[^^IIBPA^-SP. Thus, molecular size of the complex, the pres- 
ence of carbohydrate, and HPLC elution behavior, taken to- 
gether, establish that the NHs-terminal extraceUular tail of the 
receptor (SPR 1-21, whose primary sequence is MDNVLPVDS- 
DLFPNTSTNTSE) is the insertion site of I^^siibpa^^P, 

Photoafiinity labeling identifies receptor domains in close 
proximity to the bound photoligand. Another approach to re- 
ceptor-ligand interactions, site-directed mutagenesis, identi- 
fies domains necessary for function, but which are not neces- 
sarily proximal to the site of that function. Chimeras of the 
substance P receptor with other tachykinin receptors {e.g. sub- 
stance K receptor) demonstrated the agonist ligand specificity 
of the tachykinin receptors is mainly determined by the region 
around TMU TMIV and also partly by the extracellular NHj- 
terminal domain of the receptors CYoshifumi et al., 1992). Fong 
et al. (1992b) foimd that extracellular domains of SPR (also 
known as NK-IR), including a segment of NHs-terminal tail 
and the first extracellular loop were essential for high affinity 
binding of agonist peptides. Furthermore, they identified sev- 
eral residues in the NHs-terminal domain (Asn^, Gln^, and 
Phe^*), first extracellular (also known as E2) loop (Asn®^, 
His^°®), and part of second extracellular (also known as E3) 
loop (Ser^'^-Glu®^) which are required for high affinity binding 
of peptides (Fong et al,, 1992a). Other mutagenesis studies 
demonstrated that residues in TMII (Asn^, Asn®^, Tyr^) and 
TMVn (Tyr^') are also required for high affinity binding of 
peptide agonists (Huang et al., 1994b). Analysis of SP analogs 
further suggested the COOH-terminal carboxyamide of SP may 
interact with Asn^ in the second transmembrane domain 
(Huang et al., 1994b). Taken together, these data demonstrate 
that both the extracelliilar and transmembrane domains of 
SPR are important for the peptide binding. The present studies 
identify the interaction sites of the third (BPA^) and ei^^th 
(BPA®) positions of SP as (Le. BPA^ and BPA® contact and 
photolabel) the NHa-terminal extracellular tail (SPR 1-21) and 
the second extracellular loop (SPR 173-183) of the receptor, 
respectively. The results of the present photolabeling experi- 
ments and those of previous mutagenesis experiments are dis- 
tinct, in that the different regions of the SPR are identified, but 
not inconsistent. The photolabeling results do not match the 
predictions of a graphics-computer-generated model (Trumpp- 
Kallmeyer et al,, 1994) of SP bound to its receptor. 

Combining the present results with those of previous mu- 
tagenesis studies, a model of the agonist peptide-binding site of 
the SPR can be constructed (Fig. 8). In this model, the COOH- 
terminal hydrophobic sequence -GLM-NH2 of SP inserts into a 



hydrophobic ligand binding pocket between the transmem- 
brane domains and between the extracellular surface and cen- 
ter of the bilayer. This binding pocket is formed by TMII and 
TMVII with contributions from other transmembrane domains. 
The carboxyamide penetrates to the level of and interacts with 
Asn^ (Huang et al., 1994b). Other than this COOH-terminal 
tail, the remainder of the SP molecule interacts with amino 
adds on the extracellular face on the receptor. Specifically, 
position 8 of SP interacts with the second extracellular loop 
(SPR 173-183) and position 3 of SP with the NHa-terminal 
extracellular tail (SPR 1-21). These regions of the SPR are 
highly conserved across species; 10 of 11 amino adds of SPR 
173-183 and 18 of 21 amino adds of SPR 1-21 are invariant 
across the four mammalian spedes whose SPR cDNA se- 
quences have been reported (Gerard et al., 1993). The binding 
site for specific, high affinity nonpeptide antagonists of the SPR 
is at a distinct location (Casderi et al., 1994; Fong et al., 1992a, 
1992b, 1993, 1994a, 1994b; Gctheref al., 1993a, 1993b, 1993c, 
1994; Huang et a/., 1994a; Jensen et al., 1994; Sachais et al., 
1993; Yokota et al, 1992; Zoffmann et al., 1993). 

Studies of other G-protein-coupled receptors have demon- 
strated that those which bind larger (>10 kDa) agonists have 
agonist-binding sites within their NHg-terminal extracellular 
domains. In contrast, receptors of this superfamily which bind 
smaller (<0.5 kDa) nonpeptide agonists have agonist-binding 
sites deep within the bilayer between the transmembrane do- 
mains (Bockaert, 1991; Dohlman et al., 1991). The smallest 
neuropeptide, thyrotropin-releasing hormone (360 Da) appar- 
ently also binds within this same region (Perlman et al., 1994). 
Recently Gerszten et al. (1994) found that the specifidty of 
thombin receptors for peptide agonists was determined by the 
extracellular face of the receptor. Substance P, a peptide ago- 
nist of intermediate size, apparently interacts with both the 
extracellular region and transmembrane region of its receptor. 
Thus, the regions of interaction between SP and its recepton 
include elements of both the large and small agonist-receptor 
systems. Other bioactive peptides among the dozens in this 
intermediate size range may similarly interact with both the 
extracellular and transmembrane domains of their own G- 
protein-coupled receptors. 
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